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Silver and gold, together with copper, form the transition metal group IB elements in the periodic
table and possess very different nuclear magnetic resonance (NMR) spectroscopic properties.
While there is only one gold isotope (197Au), which has a spin of 3/2 and therefore a quadrupole
moment, silver occurs in two isotopic forms (ZAg and Ag), both of which have a spin 1/2 and
similar NMR spectroscopic properties. The unfavorable properties of gold have prevented its NMR
spectroscopic investigation thus far. On the other hand, there are several reports of silver NMR.
However, the low sensitivity of silver, combined with its long relaxation times have rendered the
direct detection of silver possible only with concentrations greater than a few tenth molar. Reviewed
here are the general limitations of silver NMR and some techniques to partially overcome these
limitations, as well as a summary of currently available chemical shift and scalar coupling data on
lOgAg.
INTRODUCTION
Gold has a single isotope, ZAu, which has a nuclear spin of 3/2 and therefore a quadrupole
moment. As a result of fast quadrupole relaxation, the resonances are extremely broad and weak.
Due to the low NMR receptivity of TAu combined with the fast relaxation, no NMR studies of gold
have been described in the literature. NMR spectroscopic investigations of gold compounds have,
however, been reported where one has measured the NMR properties of other nuclei such as, 1H,
C or P, contained in the Au complex.
On the other hand, silver occurs in two isotopic forms Ag and Ag, both of which have a
spin of 1/2 and are therefore NMR receptive. Although ZAg has a slightly higher natural abundance
(51.8% versus 48.2% for Ag), Ag has usually been used for NMR studies due to its higher
gyromagnetic ratio (,(Ag)/1,(ZAg)=l. 15).
GENERAL LIMITATIONS
The biggest inherent problem when studying silver by NMR spectroscopy is the low
sensitivity, which for Ag is just 1.01"10" when compared with an equal number of protons. One
way to increase the sensitivity of low ,(-nuclei is the use of the nuclear Overhauser effect (NOE) to
enhance the signal of the insensitive nucleus by saturating a dipolar coupled, more sensitive
partner. In the case of Ag dipolar coupled to protons, this would give for the extreme narrowing
limit a theoretical maximum enhancement of-10.7 ((7(H)/7(Ag))/2) if the relaxation would be
entirely via the dipolar mechanism. The minus sign reflects the fact that lAg has a negative
gyromagnetic ratio. However, since the relaxation for 1gAg is mainly caused by chemical shift
anisotropy (CSA), only a small portion of the maximum enhancement is found in practical
applications and the resulting NOE is often close to-1, which leads to a diminution or even
cancellation of the silver signal". In addition to the low gyromagnetic ratio, the unusually long
relaxation time of silver spins makes its direct detection difficult. The spin-lattice orT relaxation time
has been measured to be in excess of several 100 secondss’7. For Ag in aqueous solutions of
AgNO, it is between 900 and 1000s. The dipolar relaxation mechanism, which is almost exclusively
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responsible for the relaxation of protons, is not efficient for 1gAg due to the lack of nearby protons.
Instead, relaxation due to the chemical shift anisotropy mechanism is the most important contributor
to relaxation of silver in asymmetric complexes and spin rotation in symmetric compounds8. To
reduce the relaxation times to a practical range, one could add paramagnetic compounds, such as
chromium, cobalt or iron compounds. It has been shown by Burges et al?, however, that the use of
Fe(NO) in this context induces significant chemical shifts.
Due to all the above-mentioned disadvantages, the direct detection of silver is limited to
highly concentrated samples in the molar range and long acquisition times are unavoidable. To
circumvent this problem, Brevard et al. have proposed to detect the silver resonance after transfer
of magnetization from a scalar-coupled proton. The INEPT (Insensitive Nuclei Enhancement by
Polarization Transfer) experiment has been used by them for this purpose. Now the relaxation
time of the proton is the determining factor for the duty cycle, which significantly reduces the
experimental time and provides a gain in sensitivity of 7(H)/7(Ag). Other polarization transfer
methods, like DEFT (Driven Equilibrium Fourier Transform) and DEFT (Distortionless
Enhancement by Polarization _Transfer)2 have also been reported. In order for these techniques to
be useful, the 9Ag nucleus must be coupled to a proton or another magnetic nucleus. The
heteronuclear frequencies can also be observed indirectly when the magnetization at the silver spin
is transferred to a proton or another nucleus for detection, leading to a gain of (y(Obs)/7(lgAg))
where y(Obs) is the gyromagnetic ratio of the observed nucleus. Proton excitation and detection, as
in a HSQC (Heteronuclear Single Quantum Coherence) or HMQC (Heteronuclear Multiple
Quantum Coherence)
4 experiment, gives the highest gain in signal to noise, as shown in Table 1.
Table I. Relative theoretical sensitivity for different ways of detecting Ag. If a nucleus
other than gAg is detected, the information about theAg nucleus has to be transmitted
during the t time of a multi-dimensional experiment.
excited nucleus: detected nucleus: relative sensitivity:
gAg gAg 1
H gAg 21.5
1H H 2143.4
3C 1gAg 5.4
3C C 67.8
SN gAg 2.2
SN SN 7.2
lp Ag 8.7
lp lp 223.3
F Ag 20.2
F F 1833.9
As becomes immediately obvious, the experimental time can be greatly reduced by
observing a nucleus scalar-coupled to Ag. Furthermore, as mentioned earlier, the faster relax-
ation times of those nuclei coupled to Ag reduces the necessary experimental time even further.
The indirect detection ofAg via proton4, phosphoruss’s and fluourinez has been described.
A BIOCHEMICAL APPLICATION OFAg NMR
The first indirect detected spectrum of 1gAg in a biological system was obtained by S.S.
Narula et al. TM. The H-9Ag HMQC experiment was used to establish the metal to cysteine
connectivities in the silver-substituted copper yeast metallothionein protein. Metallothioneins are
small, cysteine-rich proteins that bind the essential metals Cu(I) and Zn(ll) in two clusters. Based
upon the properties of thermodynamic stability combined with high kinetic lability, MTs are thought
to function biologically as intracellular distributors and mediators of metal-ions. Metallothioneins lack
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regular secondary structural elements, and the conformation is mainly determined by the metal to
cysteine connectivities. Establishing these connectivities is, therefore, essential for a 3-dimensional
structural analysis by NMR. However, the quadrupole moment of Cu(I) spins results in extremely
fast relaxation and poor NMR receptivity. Substitution of Cu(I) with the isomorphic spin 1/2 l9Ag
nucleus overcomes this problem and provides a NMR sensitive probe. Narula etal. have used the
1H-gAg HMQC experiment (Figure 1) to establish the connectivities of all seven silver atoms bound
in yeast metallothionein to their respective cysteins. These connectivities are shown
diagrammatically with the primary sequence in Figure 2.
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Figure 1.
H-Ag HMQC showing the connectivities of all seven silver atoms with the cysteine I-protons in
yeast metallothionein-I.
To this day, this study remains the only application ofAg NMR to a biochemical problem.
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Figure 2.
Amino-acid sequence and Cys-Ag-Cys connectivities in yeast metallothionein-I.
CHEMICAL SHIFTS
The chemical shift range reported for Ag (Figure 3) extends from -250ppm to
+2519ppmz,9, using a 1M solution of Ag(NO3) as reference at 0ppm. The silver resonance
frequency is sensitive to the oxidation state, with Agm having shifts further upfield (beyond
2000ppm), the nature of the ligand and the coordination number. The latter increases according to:
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AgL_<AgL3<AgL4
Further, the nature of the solvent and temperature also contribute to the measured chemical shift. A
depiction of the chemical shift scale for different ligands is shown in Figure 3.
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Figure 3.
Reported chemical shifts for l9Ag(I) and 1gAg(Ill) complexes.
The frequency of a 1M solution of AgCIO4 in different nonaqueous solvents ranges from -5
ppm in propylene carbonate to +556ppm in pyridine3. Furthermore, due to sometimes labile ligand
exchange processes, the absolute chemical shifts need to be interpreted with caution32. Frequently,
ligand titration studies while monitoring the Ag resonance are used to establish the stoichiometry of
certain complexes32,33.
SCALAR COUPLING CONSTANTS
To measure the Ag-X coupling constants, it is generally not necessary to acquire gAg
spectra since the splitting can also be extracted from the spectrum of the X-nucleus bound to silver.
Due to the limited sensitivity of silver NMR, this alternative has been used quite often. For samples
with natural abundance silver in natural abundance, couplings to both 1gAg and TAg are observed.
The typical pattern is therefore a doublet of doublets, like the one shown in Figure 4.
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Figure 4.
F spectrum of trans-[Ag(CF)=(CN)(CI)], showing the coupling to both ZAg and Ag.
The coupling constants reported here are always given for the isotope 1gAg. The
corresponding constants for 1TAg can be easily calculated from the ratio of the gyromagnetic ratios
),(gAg)/7(lTAg)=1.15. A list of reported scalar coupling constants for 1gAg is given in Figure 5.
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Figure 5.
1-5 bond SAg scalar coupling constants reported in the literature.
The magnitude of the 3-bond silver coupling constant very likely follows a Karplus-type
relation, however so far this has not been reported in the literature. In addition to giving structural
information, scalar coupling to silver is also essential for the indirect detection of SAg. The scalar
silver coupling constant also depends on the coordination number and increases in the series:4z
AgL4<AgL3<AgL2<AgL.
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As an example, the scalar coupling constants are between 177 and 189Hz for lAg(CO)2]/, while they
are between 245 and 265 for [AgCO] compounds48.
As with the chemical shift scale, the oxidation state is also important for the magnitude of
the silver coupling constants, with smaller values for higher oxidation state17,19.
CONCLUSIONS
While there are no reported studies of gold NMR, reports of silver NMR studies are growing
in the literature. Despite the difficulties associated with NMR spectroscopic studies of silver,
chemical shifts and scalar coupling constants have been reported for a variety of Ag complexes.
Hopefully, the one demonstration of the use of 1gAg(I) as an isomorphic, NMR active probe for Cu(I)
sites in metalloproteins reported on here will spark additional studies of this nature on other Cu(I)
metalloproteins.
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